Introduction
The origin of animals close to the Ediacaran-Cambrian boundary permanently transformed ecology and earth systems more generally [1] [2] [3] [4] . One of the most important components of this revolution was the transformation of marine substrates by sediment churning bilaterians (e.g. [5] ). Indeed, the Global Boundary Stratotype Section and Point (GSSP) marking the base of the Cambrian at Fortune Head, Newfoundland, is defined by the appearance of complex trace fossils, notably the canonical Treptichnus pedum [6, 7] . In common with most other trace fossils, frustratingly little is known about the affinities of their producers. Despite this uncertainty, however, there have been consistent suggestions that some of the earliest large burrows, such as T. pedum, were made by priapulid-like scalidophoran worms [8, 9] . Treptichnids, however, pre-date the oldest body fossil records of scalidophorans (e.g. [10] [11] [12] [13] ).
Well-preserved Cambrian body fossil assemblages show that scalidophoran worms were both common and diverse faunal constituents of level bottom communities [14] . They are abundant in Cambrian Konservat-Lagerstätten (e.g. [15, 16] ) and as minute phosphatized larval forms [17, 18] . Complete scalidophoran worms are rarely known outside the Cambrian Lagerstätten, typically being inferred from the presence of characteristic sclerites such as Hadimopanella and Milaculum (e.g. [19] ) or from the burgeoning small carbonaceous fossil (SCF) biota (e.g. [20] [21] [22] ).
With few exceptions [23] [24] [25] , Cambrian scalidophorans were priapulid-like, even if their precise affinities within total-group Cycloneuralia remain contested [14,26 -28] . Extant priapulids are surprisingly widespread in modern marine settings, in terms of water depth, salinity and substrate (e.g. [29] ), despite a persistent view in the palaeobiological literature that they have been marginalized to low-oxygen environments, perhaps through increased competition with annelids (e.g. [15] ).
In addition to scattered scalidophoran body fossil sources, trace fossils are a primary source of information, especially in otherwise poorly fossiliferous facies. Here, then, we present trace and body fossils from shallow marine sandstones of the lower Cambrian of Baltica that were clearly made by priapulid-like scalidophorans, and we further discuss their relevance to the Ediacaran-Cambrian treptichnids.
Exceptional trace/body fossil preservation
One strength of the trace fossil record in general is its unexceptional nature, in terms of its almost universal distribution across most sedimentary facies (including a continuous record in the otherwise poorly fossiliferous early Cambrian [30] ). Nevertheless, some trace fossil assemblages may reasonably be regarded as 'trace fossil Lagerstätten' for their diversity and extraordinary fidelity of preservation, often at sub-millimetric levels (e.g. [31] ). One such example is the lower Cambrian Mickwitzia Sandstone Member (MSM) of the File Haidar Formation (figure 1) of southern Sweden [32] . The MSM is an approximately 10 m-thick heterolithic unit characterized by thin-bedded siltstones and fine-grained sandstones containing mudstone interbeds. It is typically considered to be of late early Cambrian age (Stage 4) but in principle could be somewhat older. Sedimentary structures point towards deposition being largely in the offshore to lower shoreface, influenced by storms and possibly tidally driven wave action [32] . Certain sandstone bed surfaces of the MSM preserve an extraordinary range of trace fossils, including trilobite hunting traces [33] , constructional stages of Cruziana [34] and well-preserved examples of treptichnids.
The fossils we document here occur in positive semirelief on the base of a sandstone bed (Sp.A and Sp.B in figure 2 ). They are associated with a large, partly washed-out Cruziana and Rusophycus (figure 2). Specimen A is a discrete cylindrical structure of a few centimetres in length and of relatively 
Anatomy of the producer
The fossils reveal unusual and exceptionally fine details about the external anatomy of early Cambrian worms. Indeed, because Specimen A (figure 3a) appears to be a cast of the organism's external surface, it seems reasonable to consider it as a body rather than trace fossil. The division of Specimen B (figure 4a) into a bulbous protrusion with longitudinal striations and a longer annulated posterior portion is strikingly reminiscent of a modern priapulid such as Priapulus caudatus with its introvert extended (figure 5). This posture occurs during the normal burrowing cycle of priapulids [9, 35] . Extant adult priapulids possess rings of scalids organized into 20 (e.g. in Tubiluchus [36] ) or 25 longitudinal rows (most other genera), consistent with the number of anterior longitudinal striations in these fossils.
In order to further understand the relationship between trace and body fossils and the anatomy of priapulids, P. caudatus burrows were experimentally produced, cast and photographed (figure 3c,d). Muddy sediment was introduced into small (20 cm by 30 cm) plastic tanks and allowed to settle for about one month until it reached a final thickness of about 20 cm. The sediment was then covered with a thin layer of fine sand (approx. 3 cm). Specimens of P. caudatus were allowed to burrow for between 1 and 4 days. The plastic tanks were removed and the sediment gently opened so as to examine burrow morphologies formed within the mud. The most frequently observed feature of the burrow margin are longitudinal narrow grooves. These features were observed only in either the terminal parts of a burrow or aborted probes. This suggests that the subsequent passage of the body largely obliterates details of anatomical imprints.
Some of the open burrows were subsequently cast with plaster of Paris. In tanks where the mud was covered by a layer of sand, this readily sifted into the open burrow, and eventually filled the burrow to a depth of at least 10 cm. This suggests that casting of the type of anatomical detail reproduced above by plaster of Paris should readily occur under natural conditions. The experimentally produced casts reveal a suite of features also seen in the fossils we describe. The burrow surface of P. caudatus bears longitudinal grooves, which in casts show as ridges ( figure 3c,d ). These ridges are spaced at approximately 1 mm. Their position corresponds to longitudinal rows of conical sensory papillae on the proboscis (scalids), which also have the mechanical function of increasing friction during the burrowing cycle and so reduce back-slip. Under each row of scalids, there are longitudinal muscles separated into distinct bands distal to the circular muscles [16, 37, 38] . The grooves may therefore be formed by either the scalids or a combination of scalids and muscle bands, and appear identical in their formation to the longitudinal ridges observed in the Cambrian material (compare figure 3a,b with figure 3c,d, respectively) . Longitudinal ridges or striations are often ascribed to an arthropod producer (e.g. [39] ), but the above shows that scalidophorans can form such bioprints.
A scalidophoran affinity for these trace/body fossils is further supported by the coeval presence of scalidophoran figure S1 ). Overall, then, our data suggest that priapulid-like scalidophorans are present in both sandy and muddy facies of the early Cambrian File Haidar Formation.
Ichnotaxonomy
While the detailed morphology of Specimen B cannot be exactly compared to known ichnotaxa, it may nevertheless be relevant to discussions about the producers of treptichnids. Treptichnids such as T. rectangularis (Orłowski and Ż yliń ska [40] ; ¼ Manykodes rectangularis of Dzik [8] ) show both a similar morphology, and longitudinal striations along the burrows, that Dzik [8] estimates to number 15-20, compatible with the number of introvert scalid rows estimated for our material. Both T. pedum and T. bifurcus occur in the MSM (see fig. 62 in Jensen [32] ; (electronic supplementary material, figure S2)) and it is possible that the material we describe here has the same producer (most probably the same as T. bifurcus based on the similar terminal probe morphology). In particular, the two probing traces with scalidophoran features in Specimen B (figure 4b,c) appear to be associated with the elongated burrow. These larger burrows are typically assigned to Treptichnus or Trichophycus depending on their internal morphology-the evidence here suggests at least some of these burrows could also have been made by priapulids. Indeed, the type species, Trichophycus lanosum [41, 42] , possesses a button-like termination with radiating striae strikingly reminiscent of those in Specimen B. Trichophycus-like specimens with multiple probing terminations are also known from the MSM (electronic supplementary material, figure S3 ).
Behavioural implications
On the basis of actualistic experiments, Vannier et al. [9] argued that extant priapulids could produce treptichnid-like traces. However, by placing P. caudatus in a shallow tray of mud, they confined movement to the horizontal plane, a restriction which does not occur in natural conditions. Although the burrowing mechanism of priapulids, in particular P. caudatus, has been well studied, and consists of the alternate formation of penetration and terminal anchors typical of many burrowing animals [35, 43, 44] , very little is royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20182505 known about the types of structures they produce, or any burrow ornamentation. Priapulus caudatus typically burrows in soupy muddy sediments that immediately collapse behind the animal after passage [16, 35, 45] . Conversely, Leckenby [46] and Lang [47] reported P. caudatus maintaining a vertical orientation within sediments with the proboscis tip at, or just above, the sediment -water interface. We also observed such stationary behaviour in our experiments (figure 6), suggesting an activity likely to have high preservation potential. However, it is not known how representative this is of P. caudatus behaviour, or what the cumulative burrow configuration would be. The smaller priapulid Halicryptus spinulosus has been shown to generate open burrow systems [48] , presumably with high fossilization potential, though no information is available on any burrow surface sculpture. Although the burrowing behaviour of priapulids in the wild is less well known, our own observations and the older literature (e.g. [29, 35, 47, 48] ) suggest that priapulids can and do extensively burrow vertically as well as horizontally. When placed in a tank of fine sand with restricted vertical rather than horizontal movement, P. caudatus tend to burrow directly downwards, though they also rest in burrows with their introvert or caudal appendage at the sediment -water interface (figure 6). However, given the probable relationship between priapulid-like scalidophorans Figure 5 . Cycle of activity of Priapulus caudatus. Invagination of the prosoma precedes its forceful expulsion and penetration of the sediment where scalids, later acting as anchoring hooks, enable the forward movement of the organism. Posture with the caudal appendage (white arrow) at the sediment -water interface probably has a respiratory function. Note the displacement of sediment at the anterior of P. caudatus as the animal propagates its burrow through the forceful expulsion of the prosoma (red-headed arrow). Burrowing experiments were confined to the vertical plane within a 2 cm-wide sand-filled compartment. Burrowing medium consisted of fine sand sieved and washed with artificial salt water made to the specifications of seawater at the collection depth of P. caudatus specimens at Gulmarsfjord, Lysekil, Sweden. After the suspended sediment was allowed to settle, P. caudatus were introduced and photographed at regular intervals.
royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20182505 and many treptichnid traces, the question of why Cambrian scalidophoran-like traces predominantly consist of horizontal burrows arises. Either these organisms behaved in a markedly different manner to extant P. caudatus, or they were restricted in some way. Indeed, the ethology of Lower Palaeozoic Treptichnus pedum remains open to question: generally interpreted as open, passively filled, burrows made by deposit feeders, but also as surface detritus feeders, surface scavengers or undermat miners [9, 32, 49] . One possibility is that such worms were burrowing in mud covered with a layer of sand. These trace fossils would thus represent examples of 'barrier prospecting traces' with worms exploring the sand-mud boundary, perhaps due to resource concentration there (cf. [50, 51] ), or the presence of a redox discontinuity surface [52] . Conversely, this boundary setting may preferentially preserve trace fossils.
Early trace fossils and scalidophorans
The bilaterian trace fossil record extends back as far as ca 560 Ma, into the latest Ediacaran [7, 53] . The oldest such trace fossils are morphologically simple and formed near the sediment surface; but just prior to the Cambrian, trace fossils started to develop three dimensionality (e.g. [7] ), recording the widening behavioural repertoire of their makers [54] . Examples include treptichnids and Streptichnus from Namibia [11, 55] . Other than treptichnids, few trace fossils have been attributed to cycloneuralians (but see [8, 56] ). Ksia˛żkiewicz [57, p. 59] suggested priapulids as possible producers of Fucusopsis (a genus now generally attributed to Palaeophycus or Halopoa) from the Late Cretaceous of the Polish Carpathians. These have irregular longitudinal wrinkles and step-like breaks, and some specimens exhibit branching resembling that of treptichnids. The longitudinal ornamentation in these trace fossils is coarser than that in the MSM specimens and it is unclear if they are analogues. Pemberton & Frey [58] assigned some of the material described by Ksia˛żkiewicz [57] to Palaeophycus alternatus, an ichnospecies characterized by alternating sections of striae and annuli. Cycloneuralian body fossils in direct association with their supposed trace fossils have been reported from lower Cambrian strata of southern China [59, 60] . These are cylindrical or sac-shaped structures with no preserved surface detail, though such detail is hardly to be expected in the relatively homogeneous sediments in which they are found. However, Martin et al. [61] noted the great variety of postures in this material, offering the alternate interpretation of failed escape attempts by animals in a sedimentary obrution event.
There has been a consistent trend in the literature to associate treptichnids or other Cambrian burrows with priapulids (e.g. [8, 9, 33, 40, 62] ). This assignment has, however, not hitherto rested on a particularly firm basis. The MSM material described here is clearly of at least scalidophoran affinity, adding credibility to claims of priapulids as producers of some important early Cambrian trace fossils. A stem and crown group perspective invites caution in a more precise taxonomic assignment, as the morphology of the basal priapulids and scalidophorans remains difficult to distinguish (e.g. [14, 28, 63, 64] ). Indeed, the presence of scalidophoran-like features in stem-group arthropods such as Pambdelurion [63, 65] hints that even stem-group ecdysozoans may have also broadly resembled modern priapulids. While treptichnids and other burrows cannot be assumed to have all had the same maker, the evidence here indirectly associates a scalidophoran maker with a Treptichnus bifurcus and perhaps a Trichophycus trace fossil morphology (electronic supplementary material, figures S2 and S3). Given that treptichnid trace fossil morphologies extend back into the terminal Ediacaran, this would imply that priapulid-like scalidophorans, or at least stem-group ecdysozoans that resembled priapulids, also did.
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